We demonstrate the evidence of electrical spin injection into silicon (Si) using the Fe/MgO tunnel barrier by the following two methods: 1) non-local (NL) four-terminal magnetoresistance (MR) scheme with their respective corresponding ferromagnetic (FM) electrode and 2) Hanle-type spin precession scheme. These results are compatible and in agreement with each other. The spin injection signals in the non-local scheme were observed up to 150 K, and the spin diffusion length ( N ) was estimated to be 2.8 m at 8 K. The experimental data completely matches every detail of the Hanle measurements equation, and spin lifetime ( ) was estimated to be 9.44 ns at 8 K. We will be able to discuss the physical properties of a pure spin current in silicon by this compelling data.
I. INTRODUCTION

S
EMICONDUCTOR spintronics is a new category in spin devices as fusion domain of lateral spintronics and electronics. Since there is a scaling limit of the metal-oxide-semiconductor technologies, semiconductor spintronics is one of the candidates which should be explored beyond CMOS. In general, semiconductors have a longer spin diffusion length than metal. For example, it is reported that the spin coherence of hot-electron can be transmitted over the distance 2 mm in silicon (Si) by observing a Hanle-type spin precession effect [1] - [3] . It is possible for the long spin diffusion length to create new spin devices. Such examples include a spin metal-oxide-semiconductor field effect transistor (spin-MOSFET) [4] , [5] , a lateral spin valve [6] and spin current devices. Semiconductor spin devices using GaAs and Si have attracted much attention in the recent decade due to the fact that the current electrical devices are made by such semiconductors. If GaAs and Si will be used for the spin devices, we can append the spin capability to the current electrical devices. Recently, electrical spin injection and detection into Si has been confirmed by using an insulating barrier, such as Al O [7] and MgO [8] , and schottky tunnel barrier, such as Fe Si [9] . Van t'Erve et al. have demonstrated for the first time in electrical spin injection and detection technologies, a creation of a spin current and diffusive band transport of the spins in Si by using a Al O tunnel barrier and a non-Local (NL) measurement technique [7] . However, other groups have not reported the detail of the spin characterizations, because the realization of anti-parallel magnetization alignments is difficult to obtain due to a large sample size. We have succeeded in solving the problem and reported that the MgO tunnel barrier contact is a new candidate for spin injection into Si [8] . However, since our samples included the crystallographic damages, a suppression of spin diffusion was suspected. Recently, we have succeeded in improving the characteristic features of spin diffusion in a Si and detected the Hanle-type spin precession. This is the evidence that the non-local signals are caused by injecting a pure spin current.
II. EXPERIMENTAL PROCEDURE
The Si lateral spin valve transport samples were fabricated on a silicon-on-insulator (SOI) substrate with (100)-plane, of which structure was silicon (100 nm)/silicon oxide/Si substrate. The SOI was annealed at 900 C for 60 min after the phosphorus (P) was implanted into Si, and the electron concentration of P-doped Si was approximately cm at room temperature (RT). The Si surface was washed by using dilute HF solution, and rinsed in a deionized water and isopropyl alcohol in order to remove the thin silicon oxide film and any dust. Then a Ti (5 nm)/Fe (13 nm)/MgO (0.8 and 1.4 nm) film was directory deposited by using a molecular beam epitaxy system without Si epi-layer. We confirmed that SiO and/or oxide impurities did not exist at MgO/Si interface and Fe ions did not diffuse into Si through the MgO barrier by the transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS).
As shown in Fig. 1 , we demonstrate an optical microscopic and schematic image of a four-terminal lateral spin valve device. The devices were fabricated by using electron beam lithography for patterning. First, A Si channel was formed by a mesa-etching technique. Second, two ferromagnetic (FM) electrodes with dimensions of 0.5 m 21 m (contact 2) and 2.5 m 21 m (contact 3) were formed by ion milling, respectively. After that, 30 nm-thick SiO was deposited on the devices surface without the upper face of the two FM electrodes. Then, the contact holes were formed into SiO , and Al was filled in the contact holes as the contact 1 and 4. The interconnection between pad electrodes was formed as Ta (10 nm)/Cu (20 nm)/Ta (20 nm) wires covering contact 2 and 3. Finally, the pad electrodes on contact 1 through 4 were Au (150 nm)/Cr (50 nm).
The non-local (NL) magnetoresistance (MR) measurements were performed by using a four-terminal probing system with an in-plane magnetic field along -direction between 8 and 150 K. We employed a standard ac lock-in technique. The ac current 0018-9464/$26.00 © 2010 IEEE was determined by using a DC voltage that was required for measuring dc currents for the contact between 1 and 2. The resistance area (RA) product and channel resistivity at 100 A and 8 K are estimated at about 6 k m and cm, respectively. Fig. 2(a) shows the results of the NL measurements at 8 K with MgO 0.8 nm when 100 A was injected between contact 1 and 2. The output voltage, , has been detected between contact 3 and 4. Depending on the magnetization orientation, either parallel or anti-parallel), contact 3 detects the electrochemical potential of either the up or down spin current corresponding to the spin accumulation.
III. RESULTS AND DISCUSSION
shows clear spin valve effect from 180 and 370 Oe, respectively, when AMR hysteresis were also observed in dummy samples [8] . In other words, the peaks at can be explained by each coercive field at two FM electrodes. This is one of the key pieces of evidence of the electrical spin injection and the detection into Si.
The can be accurately estimated from the gap dependence of the , because clear plateaus on the voltage peaks demonstrate the anti-parallel magnetization alignment in a tangible way. Fig. 2(b) shows that decays exponentially with the gap between contact 2 and 3. Using tunnel barrier, the decreases as a function of the gap [10] , [11] and the data is fitted using the equation (1) where is the spin polarization, is the conductivity of the Si, is the cross section of the Si strip, and is the gap of closest between contact 2 and 3, as shown in Fig. 1(b) . In this equation, the area of each FM electrode is neglected. The was estimated to be 2.8 m at 8 K from Fig. 2(b) . The is much longer than our previous paper in which it was estimated to be 2.25 m [8] . In our previous work, the Si was annealed at 900 C and 10 min. In this case, the Si had some defects mainly at Si surface discovered by TEM photographs. To improve the Si, we carried out the longer anneal process for 60 min. As the result, the defects vanished from the crystal structure, and resistivity was increased from 16.5 m (previous work at [8] ) to 20.6 m. This indicates that the carrier concentration decreases with increasing anneal times due to the diffusion of the dopant in Si. Comparing [8] with Fig. 2(a) , signal to noise was definitely improved. Those results indicate that the spin current is susceptible to effect by the defects and/or carrier density. From the obtained spin diffusion length and resistivity, the spin resistance of Si at 8 K was calculated to be 58 m . Because the spin resistance is much smaller than the tunnel resistance (6 k m ), the application of the (1) is therefore justified [12] .
The injection current dependence of with the MgO 0.8 nm and 1.4 nm is shown in Fig. 3 . Although (1) is usually interpreted to show that the linear dependence is induced by the constant spin polarization, our experimental results demonstrated that the becomes saturated above 100 A. This is the different from graphene, in which the linear dependence is shown within 1 mA [13] . To gain higher spin polarization, it is effective to increase the thickness of the MgO tunnel barrier.
The temperature dependence of the is shown in Fig. 4 , when the injected current 1.5 mA was applied at each temperature. As shown Fig. 4(a) and (b) , the NL signal shapes were maintained up to 150 K. The signals exponentially decreased with the increasing of the temperature. The mechanism of the temperature dependence is not fully understood. To achieve the origin of the temperature dependence of
, we need to demonstrate the interface and bulk-Si in separate terms from . Hanle measurement using clear data is one of the most powerful methods in spin characterization.
The Hanle-type spin precession of the non-local MR measurements are shown in Fig. 5 . The injection current was set at 1 mA. The magnetic field was applied in the -direction to reposition the FM electrodes in a parallel or anti-parallel magnetization direction. The Hanle-type spin precession is expressed as a function of applied magnetic field along -direction [11] (2) where is the spin diffusion constant, and is the spin life time. We have carried out the analytical calculation of the (2) and we found (3) where is the Larmor frequency, is the factor of electrons (using ), and is the spin diffusion length. Fig. 5 shows a clear Hanle curve with the low noise. The lines are fitted to the Hanle data by using (3). Because the magnetic field which is applied perpendicular to the substrate is smaller than the coercive field, the magnetization directions at the two FM electrodes keep the in-plane direction in this measurement. Thus, it is shown that the data agrees with (3) completely in every detail. This is the second piece of evidence of electrical injection and detection into Si. In the case of using 0.83 m, the parameters were estimated that 0.9 m, 9.4 ns and , respectively. The that was estimated from the Hanle measurements is shorter than that from NL MR measurements. Although the finite FM electrode size can be neglected by using the estimation of the gap dependence, the size is not considered by the estimation of Hanle-type spin precession, especially in the case that the sample sizes are as large as the spin diffusion length. As shown Fig. 1(b) , is the distance between contact 2 and 3 at each electrode center. The data were in agreement with the estimation from Fig. 2(b) . In the case of using 2.33 m, the parameters were estimated that 2.6 m, 9.4 ns, and , respectively. The is in good agreement with that of the gap dependence. This is the third piece of evidence of electrical injection and detection into Si. In the highly doped Si, the at cm at 8 K is longer than it at cm ( 0.9 ns at 10 K) [14] . According to the Elliot and Yafet theory, spin flips are induced by an electron-phonon and impurities scattering [15] , [16] . Erve et al.. suggested that the is relatively short in their experiment because Si epilayers have the higher defect densities. As presented above, because the defects are restored in our Si substrate, it is possible that the is longer than Erve's result, in spite of the higher impurity density in our samples. Our results imply that the defects as well as the impurities caused spin relaxation in Si.
IV. CONCLUSION
We have systematically demonstrated the three pieces of evidences of electrical injection and detection using Fe/MgO tunnel contact at 8 K. First, NL signals can be explained by each coercive field at two FM electrodes. Although an impurity concentration was comparably high to previous report by other group [14] , we estimated the spin diffusion length to be 2.8 m. Our results underscore a feasibility of the highly doped Si. Second, Hanle-type spin precession signals were observed, and the data were in agreement with (3) completely in every detail. In the case of using 2.33 m, the parameters were estimated that 2.6 m, 9.4 ns, and , respectively. The is in good agreement with that of gap dependence. This is the third pieces of evidence. In this work, the defects were vanished from the crystal structure of Si. As the results, the and were longer than that of Si with the defects. This indicates that the spin current is susceptible to effect by the defects and/or carrier density. NL signals rapidly decreased when the temperature was increased up to 150 K. To create applicative Si spintronics devices, we must elucidate the temperature dependence mechanism. To achieve the electrical injection and detection at room temperature, we should improve the quality of Si and interface between the tunnel barrier and the Si.
